Post consumer waste, industrial scrap and unwanted by-products from manufacturing operations should not be viewed as wastes. Rather, they are raw materials, but these raw materials are often significantly underutilized. One of the challenges of the emerging discipline of Industrial Ecology will be to identify productive uses for materials that are currently regarded as wastes, and one of the first steps in meeting this challenge will be to understand the nature of industrial and post consumer wastes.
raw materials, both waste stream flow rates and waste stream composition must be determined.
The primary goal of this paper will be to evaluate the flow rates and concentrations of valuable resources in waste streams and determine the extent to which materials currently regarded as wastes might be used as raw materials.
The results of this examination of waste stream compositions and flow rates will demonstrate that 0 many materials currently discarded in waste streams may be economically recoverable based on current market prices 0 deficiencies in waste stream data limit the range of materials and waste streams that can be included in industrial ecology studies.
Overview of Industrial and Post-Consumer Waste Generation and Management
Mapping the flows of more than 12 billion tons of industrial and post-consumer waste is a challenging task. Part of the challenge is integrating information from many diverse sources of data. For example, more than a dozen national sources of data on industrial wastes are available (Eisenhauer and Cordes, 1992) , but each covers only a portion of industrial waste generation. Each was collected over a different time period and each considers a different subset of waste generators. Despite these difficulties, each of the data sources provides a unique perspective on industrial waste streams, and can be useful. Our main focus in this work will be on just a few of these inventories, most notably the National Hazardous Waste Survey and, to a much lesser extent, the Toxic Release Inventory and the biennial survey of waste generators c -
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The Toxic Release Inventory (TRI) (EPA, 1991), collected annually under the Superfund Amendments and Reauthorization Act (SARA), Title 111, provides data on the emission profiles v of more than 300 chemical species. While the TRI data are useful for profiling the releases of specific chemicals, they provide little information on the total waste stream. In contrast, the biennial survey of generators and the biennial survey of treatment, storage and disposal facilities collected under the Resource Conservation and Recovery Act (RCRA), provide 'data on total waste mass but little data beyond loosely defined waste categories on the composition of the waste streams. A hybrid data base of information collected by Research Triangle Institute for the Environmental Protection Agency under RCRA (EPA, 1988c) combines some of the best features of both the TRI and the RCRA biennial survey. This data base, which is called the National Hazardous Waste Survey, combines detailed data on waste composition and data on bulk waste stream properties. It has two basic components, a generator survey focusing on waste characterization and a survey of treatment, storage, disposal and recycling facilities (TSDR) focusing on waste treatment and disposal. The flow diagram of Figure 2 was prepared using the TSDR section of the survey and some data on air emissions from the TRI. It shows the flow patterns and approximate flow rates of industrial hazardous waste streams. All waste streams regulated under RCRA are included; also included are some wastes exempt from the RCRA regulations and some hazardous wastes managed in units exempt from RCRA permitting requirements. The total mass flow rate of all streams represented in the National Hazardous Waste Survey is approximately 3/4 of a billion tons per year and the total mass of releases and off-site transfers reported through the TRI total 0.003 billion tons per year. Therefore the data represent only about 5-10% of the total flow rate of industrial wastes. Even though just a small -=p==nM-U e * r i l y flXx&& €imi€& group of industries: mining, pulp and paper manufacturing and petroleum production. So, the National Hazardous Waste Survey can begin to provide a picture of the flow rates and 3 compositions of waste streams. It is far from comprehensive as is evident from the numerous unreported flow rates in Figure 2 , and the data omit some major sectors of the economy that generate substantial wastes, but the survey represents some of the best information available on waste stream composition. Figure 2 reports the flow rates of hazardous waste streams generated by U.S. industry in 1986, the only year for which the survey data are available. As indicated in Figure 2 , a small fraction of solvent, metal and other wastes, less than 1% of total waste mass generated, flows through recycling loops. The total mass involved in recycling is about 5 million tons per year (muyr). The largest single stream in terms of total mass flow, nearly 720 mt/yr (more than 90% of the total waste flow), is hazardous wastewater. Most of this stream is water with a small percentage of non-aqueous contaminants; hence the mass of the chemically hazardous component of this stream is within an order of magnitude of the components being recycled. A third set of waste streams, about 4 mt/yr, is sent to various thermal treatment technologies which include direct incineration, fuel blending and reuse as fuel.
While an examination of total waste flows is a necessary first step in assessing the use of waste streams as raw materials, total mass is not a good indicator of the potential value of waste streams. Instead, the concentration and mass flow rates of valuable resources in the waste streams will be the most important evaluation criteria. Unfortunately, reliable composition data are not generally available for waste streams, so it is not always possible to evaluate the potential for recycling. One set of materials for which waste composition data are available is metals. (RCRA, 1976 (RCRA, , 1980 . Therefore, the next two sections will review the mass flow rates and concentration distributions of selected metals in industrial waste streams.
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Flows of Selected Metals in Industrial Wastes
As a first step in evaluating the potential of industrial wastes for use as raw materials, we will consider the flows of a number of metals, focussing particularly on cadmium, chromium and lead. Figures Recent data (EPA, 1989) indicate a 90% rate of recycling, resulting in 100,000 tons of waste out of the 800,000 tons of lead in used batteries. Other sources of lead in the MSW stream include consumer electronics (estimated to be 60,000 tons), glass and ceramics (8000 tons), plastics (4000 tons), metals such as soldered cans (1000 tons) and pigments (1000 tons) (EPA, 1989). None of these other sources of waste result in any significant degree of lead recycling, largely because of the low concentrations of lead in the products.
Analysis of these waste management data represents a first step in performing studies in industrial ecology. The next step is to integrate waste generation data with production data.
Once again, consider lead. Coupling the waste flow data presented above with the data on lead production and consumption presented in Table 1 , yields the lead flow diagram shown in Figure   7 . Lead is used at a rate of roughly 1.2 million tons per year. Most is consumed in the production of lead storage batteries and these batteries are eventually retired. Roughly 90% of these used batteries are recycled, so the net loss of lead through battery disposal is about 100,000
tons. Other sources of lead in MSW total roughly 70,000 tons per year. Industrial hazardous wastes are another sink for lead. Of the 193,000 tons of lead in hazardous wastes, roughly 55,000 tons is sent to disposal. The remainder is recycled, but the recycling of both hazardous and battery wastes generates roughly 100,000 tons of lead waste. Comparing the total flow of lead to the amount of lead eventually requiring disposal, we see that lead is reprocessed at about If this efficiency is to be improved, then the streams that are currently reaching disposal must find productive use. Overall recycling efficiency could be improved by increasing the collection of lead batteries above 90%, by improving the efficiency of secondary lead smelting and by targeting for recycling industrial waste streams from non-battery operations. Figure 8 presents data comparing some of the waste streams currently requiring disposal to those currently being recycled. Examination of Figure 8 reveals that more concentrated waste streams are more likely to be recycled than waste streams with low lead concentration. While the decision of whether or not to reclaim a metal from a waste stream is complex, it does depend to a significant extent on concentration and the next section will attempt to quantify this relationship.
Dilution Determines Recyclability
In the case of lead, discussed in the previous section, it was noted that waste streams that contain high concentrations of lead are more likely to be recycled than dilute waste streams. As shown in Figure 9 , this phenomenon is not restricted to lead, but is observed for many potential resources found in wastes. The concentration at which recycling becomes cost effective depends on the value of the raw material. As shown in the Sherwood diagram (Figure l) , high value materials such as gold and radium can be recovered from raw materials which are quite dilute in the resource. In contrast, materials such as copper can only be recovered from relatively rich ores. Using the price, it is therefore possible to estimate the concentration at which materials can be recovered. Comparing metal prices, minimum economically recoverable concentration (from the Sherwood diagram) and data on the concentration distributions of metals in waste streams
recycled. These estimates are reported in Table 2 and indicate that metals in hazardous wastes are underutilized. This could be because only waste streams with very high metal concentrations 7 are recovered or because only a small fraction of potential recyclers at all feasible concentration levels recover metals. Figure 10 attempts to differentiate between these two cases.
To develop Figure 10 , the concentration distribution of metals in recycled waste streams was examined. The concentration below which only 10% of the metal recycling took place was assumed to be a lower bound for economic metal recovery from the waste. This concentration was then plotted, together with the 1986 metal price (recall that the waste data are from 1986) to generate Figure 10 . Also plotted on Figure 10 is the Sherwood Diagram for virgin materials.
Comparison of the Shenvood plot for virgin materials and the waste concentration data reveals that most metals in waste streams are only recycled at very high concentrations. The concentration of resources in recycled wastes are generally higher than for virgin materials, indicating that significant disincentives for waste utilization exist. Figures 9 and 10 demonstrate that there are many opportunities for increasing recycling, using the emerging principles of industrial ecology.
SUMMARY
Using existing industrial and municipal waste inventories, it is possible to examine many of the features of the industrial ecology of metals. Compositions and sources of recycled waste streams can be examined and opportunities for improving recycling efficiencies can be explored.
Unfortunately, these analyses rely extensively on a single database of industrial waste, the National Hazardous Waste Survey. This collection of data, which is the only comprehensive and d e t a i k k m z e c d~ 4&€€Ie--
based on wastes generated during 1986 and is already somewhat outdated. In addition to being partially outdated, the data are also restricted to wastes classified as hazardous under the 8 provislms of the Resource Conservation anc Recovery Act. The lack of current, comprelLensive and reliable data on waste composition remains a serious barrier to studies in industrial ecology.
If the limitations of available data are understood, however, it is possible to examine the industrial ecology of some metals. The results reveal that the concentrations of metal 'resources in many waste streams that are currently undergoing disposal are higher than for typical virgin resources. Thus, extensive waste trading and the development of industrial ecology could significantly reduce the quantity of waste requiring disposal. Points lying above the Sherwood plot indicate that the metals in the waste streams are only recycled at very high concentration, i.e., waste streams undergoing disposal are richer than typical virgin materials. Points lying below the Sherwood plot indicate that the waste streams are vigorously recycled.
